The FEM is used to study the effects of notch opening angle (E) and notch radius on the new strain-concentration factor (SNCF) for circumferentially V-notched cylindrical bars under static tension. The new SNCF has been defined under the triaxial stress state at the net section. Nevertheless, the conventional SNCF has been defined under uniaxial stress state. for the notches with E < 120q becomes nearly constant or slightly decreasing after the first peak for U o = 0.5 and 1mm. After that it increases to the maximum SNCF and then slightly decreases for further plastic deformation. The variations in new K H with the ratio of tensile load to that at yielding at the notch root (P/P Y ) are nearly independent of stress-strain curve up to general yielding.
INTRODUCTION
Notches appear inevitably in a large number of structural and machine element components, so that the knowledge of the magnitude and distributions of stress and strain in the notched region is valuable for practical design and application of various engineering components.
For various types of notch and loading, the elastic stress and strain concentration factors have been extensively studied by [1] [2] [3] [4] [5] [6] [7] [8] . The results have been published and used for engineering design [2, 4] . The best known rule for notched bodies has been introduced by Neuber [9] and received considerable attention over the last forty years. Neuber's rule predicts that the plastic SNCF increases and the plastic SSCF decreases from their elastic values as the plastic deformation develops from the notch root. Many studies, experimentally and analytically performed under static tension, have confirmed the Neuber's prediction [5, [9] [10] [11] [12] [13] [14] [15] [16] , which means that the SNCF is more important than the SSCF. This is because the plastic SNCF maintains high values much greater than unity, while the plastic SSCF decreases towards unity. The notches employed in these studies are of intermediate depth, considered to have strong notch effect.
In addition to the stress and strain concentrations introduced by the notch, there is also a triaxial stress state at the net section, even when the stress is uniaxial throughout the remainder of the gage length. This causes the high stress triaxiality at the net section for the notched cylindrical bars [17, 18] . Majima, et al., [18] has shown that this high triaxiality is the main reason for the notch strengthening in the notched cylindrical bars. The notch strengthening is affected also by the magnitude and the concave distribution of the axial strain on the net section [17, 19] . This indicates that the SNCF is valuable for the strength and fracture of the notch bars [20] [21] [22] [23] .
Majima [14] introduced a new definition of elasticplastic SNCF, which has been proposed for better understanding of strain concentration under static tension. The specimens employed are circumferentially Unotched cylindrical bars. The new SNCF has been defined under the triaxial state of stress at the net section, while the conventional SNCF is defined under uniaxial state of stress. This difference in stress state gives the new SNCF reasonable values and can remove the contradiction of the conventional definition, giving the plastic SNCF less than unity to the concave distribution of the axial strain [14, [20] [21] [22] [23] .
The effect of notch depth on the SNCF and SSCF under static tension and under pure bending has been studied by Tlilan, et al., [20] [21] [22] [23] . The specimens employed are circumferentially U-notch cylindrical bars for static tension and rectangular bars with single-edge U-notch for pure bending. The results indicate that the new SNCF is more reasonable than the conventional SNCF and SSCF. This makes it necessary to perform more detailed studies on the effect of notch geometries on the new SNCF. Unfortunately, the effect of plastic deformation on the plastic SNCF of V-notched bars has not been clearly evaluated in spite of extensive use of the V-notches.
The aim of the present paper is to investigate the effect of the notch opening angle on the newly defined SNCF. To this end, circumferentially V-notched cylindrical bars were employed. The strain distributions were obtained using a finite element method (FEM). The FEM calculations were performed up to a deformation level close to where the notch tensile strength takes place.
SPECIMENS GEOMETRIES
In this study, circumferentially V-notched cylindrical bars with constant notch depth have been employed. The net-section diameter d o and the gross-diameter D o are 10 and 16.7mm respectively, and the net-to-gross diameter ratio d o D o is 0.6. The notch radii U o employed are 0.5, 1 and 2mm to vary the notch sharpness d o /2U o . The notch opening angles E employed are 0, 30, 60, 90, and 120q. It should be noted that E = 0q denotes the circumferential U-notch. The notched specimen has gage length of 50mm, which is sufficient to obtain the pure nature of notch effects.
STRESS-STRAIN RELATIONSHIPS
The materials employed are an Austenitic stainless steel and a Ni-Cr-Mo steel. Young's modulus E, Poisson's ratio Q and the tensile yield stress V Y are listed in Table 1 . The true stress-plastic strain curves were obtained from tension tests. In order to express the stress-strain curve accurately the obtained relation was divided into a few ranges of plastic strain and in each range the following fifth-degree polynomial was fitted: Table 1 Mechanical properties and polynomial coefficients
Austenitic stainless steel 0.30 206 245.9 
The values of these coefficients in the plastic strain ranges used are also listed in Table 1 . Figure 1 shows the true stress-plastic strain curves given by these polynomials. However, the logarithmic axial strain is thus given by , given in Eq. (2) after adequate development of plastic deformation from the notch root [14, 21] . This indicates that the definition of
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is reasonable. 
FEM CALCULATIONS
Figure 2(b) shows one-quarter finite element mesh of the notched specimen. An eight-node axisymmetric isoparametric quadrilateral ring element with biquadratic interpolation and full integration, type 28 in MARC classifications, is employed. This type of element uses the nine integration points, i.e., Gauss points. The total number of elements and nodes are 504 and 1605 respectively, and the degrees of freedom are 3210. Displacement increments were applied at the end of the unnotched part in the FEM calculations. The magnitude of the increment was small enough to provide an elastic solution for the first few increments in each specimen.
All of the current calculations were carried out using MSc. Marc software. In order to ensure the accuracy of the results and their independence with respect to the number of nodes used in the discretization process, several meshes were tested. A grid independent solution study was made by performing the simulations for three different meshes consisting of 1531, 1605, and 1716 nodes. A mesh refinement study showed a mesh of 1605 nodes to be fine enough to capture all the distributions of the stress and strain components. Figure 3 shows the variation of the elastic new and conventional SNCFs with the notch opening angle E for all notch radii investigated. It should be noted that E = 0.0q denotes the circumferential U-notch. The elastic SNCF decreases with increasing notch opening angle for the notch radius of 0.5mm, while it is constant up to E = 60q for the notch radius of 1.0mm. It is also constant up to E = 90q for the notch with radius of 2.0mm. For all notch radii investigated the elastic SNCF for E = 120q is the minimum. The elastic values of the new SNCF are greater than that of the conventional one. The difference between the elastic new and conventional SNCFs increases with decreasing notch radius. As the notch radius increases, the elastic SNCF of V-notched bar is nearly equal to or slightly less than that of the U-notched bar. It also increases with increasing notch opening angle E. The new SNCF rapidly increases from its elastic to the peak value as the plastic deformation develops from the notch root. This peak occurs at 2 ln(d o / d) far less than that at general yielding, i.e. V eq = V Y at the whole netsection, for the notches with E of 30q and 60q. It is apparent that the difference between the peak and elastic values decreases with increasing notch radius. For the notches with E of 30q and 60q, the new SNCF becomes nearly constant after the first peak for notch radii of 0.5 and 1mm. For further deformation it increases and reaches the maximum new K H . On the other hand, the peak value is the maximum new K H for E = 120q. The current results indicate that the plastic deformation For all notch opening angles, the new SNCF for notch radius of 2mm increases a little from its elastic value and becomes nearly constant for further plastic deformation. The peak value is the maximum SNCF and it is very small compared to those of the notch radius of 0.5 and 1mm.
Effect of Notch Opening Angle on Elastic New and Conventional SNCFs

Variations in the New
The rapid increase from the elastic to the peak value becomes greater with decreasing notch radius for all notch opening angles investigated. This is because the increase in (H z ) max with plastic deformation at the notch root increases with decreasing notch radius, while
is independent of notch radius, as shown in Fig.  5 . This independence is due to a restriction of plastic region in an immediate vicinity of the notch root. This restriction is mainly caused by V-notch with a small notch radius. Figure 6 shows the distributions of the normalized axial strain H z /(H z ) max at the net section at the deformation level corresponding to the peak SNCF shown in Fig.  4 . The distribution is almost constant in the range 0 d r/r n d 0.7 for the notch with radius of 0.5mm and becomes sharply concave in the range r/r n ! 0.7. This indicates that the strongly plastically deformed region is restricted in an immediate vicinity of the notch root of the notch with E = 120q. On the other hand, the distribution becomes concave and milder for notch radius 
Comparison Between New and Conventional SNCFs
The variations of new K H and con K H with deformation are compared in (Fig. 7) for E = 90q and all notch radii employed. The conventional SNCF increases from its elastic value to the maximum at (V z ) av = V Y . The new SNCF is greater than the conventional SNCF in the range V z ) av d V Y . The conventional SNCF becomes nearly equal to the new one at (V z ) av = V Y . On further deformation the conventional SNCF sharply drops and becomes less than unity. This is because the rate of increase in average axial strain for the conventional SNCF becomes greater than that in (H z ) max , as shown in (Fig. 8) . In particular, the conventional average axial strain rapidly increases in the range V z ) av ! V Y and becomes much greater than (H z ) max . This high rate of increase in (H z ) av is due to the definition of (H z ) av under the uniaxial stress state. Figure 6 , however, shows the concave distributions of H z even at the deformation level corresponding to the peak SNCF. This concave distribution means that the strain concentration factor must be greater than the unity. The following relation, obtained from Eqs. (1) and (2) where s = r/r n . The definition of the conventional SNCF, becoming less than unity for a concave distribution, is incorrect for all notch opening angles and radii employed. It should be noted that the new definition shows the strong dependence of the SNCF on notch radius, while the conventional one shows a little dependence. This indicates that the newly defined SNCF is more reasonable for the calculation of the SNCF.
The current results indicates that there is an obvious restriction imposed upon plastic deformation by the presence of a notch, even if the notch region could deform in the same way as the smooth bar itself before fracture, the total elongation would be much smaller than that in the absence of a notch. It is clear from the results that the first (local) peak of the new SNCF occurs at a very low level of plastic deformation, i.e. directly after yielding. The maximum new SNCF also occurs at a low plastic deformation level. On the other hand, the conventional SNCF and SSCF are less than unity at this low level of deformation [21] . This indicates that the new SNCF is more effective in predicting fracture of the notched elements than the conventional one.
Variations in the New SNCF with Tensile Load
It is important to evaluate the variation in The elastic new K H is constant and the range of this constant value is larger in the Ni-Cr-Mo steel than in an Austenitic stainless steel. This is because the value of P at yielding at the notch root is proportional to the value of yield stress V Y , which is larger in Ni-Cr-Mo steel than in Austenitic stainless steel. For E =120q, new K H increases from its elastic value to the peak value as P increases. The peak value is the maximum new K H and occurs at P very close to that at general yielding for the notch radius of 0.5 and 1mm. On further deformation it decreases with tensile load. The degree of this increase and decrease becomes greater with decreasing notch radius. On the other hand, new K H increases from its elastic value and reaches a peak value for E = 30q. It becomes constant or slightly decreasing with increasing tensile load, and then increases to the maximum new K H . The tensile load P depends on the magnitude and distribution of the axial stress V z . The magnitude of V z increases with increasing flow stress in the stress-strain curve, so that the tensile load where new K H becomes maximum is larger in Ni-Cr-Mo steel than in Austenitic stainless steel. The variation of new K H with P is thus strongly affected by the stress-strain curve.
Effect of Stress-Strain Curve on the Variation in the New SNCF
As described in the previous section, the relationship between the new SNCF and the tensile load depends strongly on the stress-strain curve as well as notch geometry, and hence the effect of mechanical properties seems to be complicated. However, this effect can be almost eliminated using a method described below and the variation of the new SNCF can be discussed only under the effect of notch geometry. The distributions of the normalized axial stress V z /V Y , shown in Fig. 10 , are nearly independent of the stressstrain curve even at the deformation level of the peak SNCF. As a result, the ratio of tensile load to the yield stress P/V Y is independent of the stress-strain curve as indicated by the following relation [21] :
On the other hand, the distribution of stress components depends only on notch geometry as elucidated by the theory of elasticity. Moreover, the magnitude of stress components is proportional to P. The equivalent stress at the notch root (V eq ) max , given by, 
increases linearly with increasing P. This is because (V z ) max is proportional to the tensile load P and the ratio (V T ) max /(V z ) max keeps constant in the elastic deformation,
It should be noted that at the start of yielding at the notch root (V eq ) max is equal to V Y . This means that P Y is proportional to V Y . The ratio P/P Y is thus independent of the stress-strain curve at least up to general yielding. This indicates that the same value of P/P Y represents the same level of deformation even if the stress-strain curves are different. Figure 11 shows the variation of new K H with P/P Y . For the notch with E = 120q, the new SNCF increases from its elastic value to the peak value. This peak occurs at approximately the same value of P/P Y for both materials. It also occurs at P/P Y value very close to that at general yielding for the notch radii of 0.5 and 1mm. For the notches with E 120q the new SNCF increases from its elastic to the peak value, becoming constant or slightly decreasing with P/P Y . The new SNCF then increases to the maximum SNCF for further deformation. The relationships of new K H versus P/P Y are nearly independent of the stress-strain curve at least up to general yielding. However, Figs. 4(c) and 5 indicate that the axial strain at the notch root is very small even at general yielding. As a result, the effect of the rate of strain hardening is thus almost negligible on the variation of new K H with P. This indicates that the main factor affecting the variation of new K H with P is the magnitude of yield stress. The only factor that affects the shape of new K H versus P/P Y curve is the notch geometry. Nevertheless, the stress-strain curves of the ferrous materials used here are very different from each other. This suggests that any ferrous material should have the same variation of new K H with P/P Y at least up to general yielding. 
CONCLUSIONS
The effect of the notch opening angle (E) on the new SNCF has been studied for V-notched cylindrical bars under static tension. The new SNCF has been defined under triaxial stress state at the net section. The elastic SNCF decreases with increasing E for U o = 0.5mm, while it is nearly unaffected by E for U o = 2mm. The new SCNF rapidly increases from it elastic to the peak value with plastic deformation for notches with U o of 0.5 and 1mm, whereas it increases a little for U o = 2mm. The peak value is the maximum SNCF for the notch radius of 2mm irrespective of the notch opening angle. The peak value is also the maximum SNCF for the notch with an opening angle of 120q. The new SNCF becomes constant or slightly decreasing after the first peak value for 30q d E d 90q, and then increases to the maximum SNCF for further plastic deformation. The wider notch with smallest notch radius produces a high value of the SNCF under small plastic deformation even if its elastic SNCF is low. The variations in new K H with P/P Y are nearly independent of stress-strain curve up to general yielding. 
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